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1
CONTROLLED-PRECISION ITERATIVE
ARITHMETIC LOGIC UNIT

FIELD

The present disclosure generally relates to processors, and
particularly relates to performing sub-precision iterative
arithmetic operations in a processor.

BACKGROUND

Conventional processors include one or more arithmetic
logic units for performing iterative operations such as divide,
square root and transcendental (e.g., SIN, COS) operations.
Iterative arithmetic operations are conventionally executed
until a result is produced that has a fixed, defined bit precision.
That is, operands are iteratively processed to produce a result
having full precision, i.e., a target precision such as the pre-
cision associated with a result register or a precision associ-
ated with the starting operands. For example, the Institute of
Electrical and Electronics Engineers (IEEE) has defined a
standard associated with binary floating-point arithmetic,
often referred to as IEEE 754. The IEEE 754 standard speci-
fies number formats, basic operations, conversions, and
exceptional conditions relating to both single and double
precision floating-point operations.

IEEE 754 compliant floating-point numbers include three
basic components: a sign bit, an exponent, and a mantissa.
The mantissa is further broken up into an integer portion and
a fraction portion. Only the fraction bits are stored in the
encoding. For normal numbers, the integer portion is implic-
itly equal to the value of 1. IEEE 754 compliant single preci-
sion numbers are represented by a sign bit, an 8-bit exponent
and a 23-bit fraction while double precision numbers are
represented by a sign bit, an 11-bit exponent and a 52-bit
fraction. As such, iterative processing of IEEE 754 compliant
floating-point numbers produces results having 24-bit preci-
sion for single-precision operands and 53-bit precision for
double-precision operands. For example, a processor
equipped with a single-precision IEEE 754 compliant ALU
produces results having a full precision of 24 bits. However,
certain applications, such as openGL compliant graphics
applications, may not require results having full 24-bit single
precision. As such, unnecessary power and processing cycle
consumption occurs by calculating results to full 24-bit single
precision for applications that can tolerate something less
than full single precision, e.g., 16-bit precision.

Some conventional processors produce results having a
precision less than that of the target format. However, these
processors terminate iterative arithmetic operations short of
the target format only when the operands being acted on have
aprecision less than the target format. For example, a double-
precision processor can perform a single-precision operation
on single-precision operands, producing a single-precision
result, even when the target register format is that of a double-
precision value. As such, some conventional arithmetic pro-
cesses are operand-precision dependent, and thus, produce
results having a full precision equivalent to that of the oper-
ands. As a result, power and processor cycles may be unnec-
essarily consumed to produce results having a precision
greater than that which may be tolerable or acceptable for
certain applications.

SUMMARY OF THE DISCLOSURE

According to the methods and apparatus taught herein, a
controlled-precision Iterative Arithmetic Logic Unit (IALU)
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included in a processor produces sub-precision results, i.e.
results having a bit precision less than full precision. In one or
more embodiments, the controlled-precision IALU com-
prises an arithmetic logic circuit and a precision control cir-
cuit. The arithmetic logic circuit is configured to iteratively
process operands of a first bit precision to obtain a result. The
precision control circuit is configured to end the iterative
operand processing when the result achieves a programmed
second bit precision less than the first bit precision. As is the
case for full-precision operations, reduced precision opera-
tions may produce more bits than are needed in the final result
to enable proper rounding. These “rounding bits” are com-
monly referred to as guard, round, and sticky bits. In one
embodiment, the precision control circuit causes the arith-
metic logic circuit to end the iterative operand processing in
response to an indicator received by the control circuit. The
controlled-precision IALU further comprises rounding logic
configured to conditionally increment the result at the least
significant bit (LSB) of a sub-precision result based on the
rounding mode, the LLSB and the rounding bits. In one
embodiment, the rounding logic is configured to round the
result by aligning a rounding value with the LSB of the result
and conditionally adding the aligned rounding value to the
result.

Thus, in at least one embodiment, sub-precision results are
generated in a processor by iteratively processing operands of
a first bit precision to obtain a result and ending the iterative
operand processing when the result achieves a programmed
second bit precision less than the first bit precision. Further,
the width of the sub-precision results may be adjusted by
padding the result so that the padded result has a bit width
corresponding to the first bit precision.

In another embodiment, a processor comprises the con-
trolled-precision IALU. The processor further comprises a
storage element configured to store the programmed second
bit precision as a fixed value or as a dynamically alterable
value. If the programmed second bit precision is stored as a
dynamically alterable value, it may be modified responsive to
one or more instructions received by the processor. The con-
trolled-precision IALU is configured to end iterative operand
processing responsive to an indicator received by the proces-
sor. In one embodiment, the indicator is a flag bit stored in a
register included in the processor.

Of course, the present disclosure is not limited to the above
features. Those skilled in the art will recognize additional
features upon reading the following detailed description, and
upon viewing the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating an embodiment of a
processor including a controlled-precision Iterative Arith-
metic Logic Unit (IALU).

FIG. 2 is ablock diagram illustrating an embodiment of the
controlled-precision IALU of FIG. 1.

FIG. 3 is a logic flow diagram illustrating an embodiment
of'program logic for performing an iterative arithmetic opera-
tion.

FIG. 4 is a block diagram illustrating an embodiment of the
controlled-precision IALU of FIG. 1 further comprising a
rounding circuit.

FIG. 5 is a logic flow diagram illustrating an embodiment
of'program logic for rounding a sub-precision result produced
by the controlled-precision IALU of FIG. 4.
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FIG. 6 is a logic flow diagram illustrating another embodi-
ment of program logic for rounding a sub-precision result
produced by the controlled-precision IALU of FIG. 4.

DETAILED DESCRIPTION

FIG. 1 illustrates an embodiment of a processor 10 includ-
ing one or more controlled-precision Iterative Arithmetic
Logic Units (IALUs) 12. The controlled-precision IALU 12,
under control of a precision control circuit 14 included in or
associated with the IALU 12, is configured to end iterative
arithmetic processing before results produced by the IALU
12 obtain full precision. That is, in response to a Programmed
Bit Precision (PBP) value received by the precision control
circuit 14, the control circuit 14 causes the IALU 12 to gen-
erate sub-precision results, i.e., results having a bit precision
less than a target precision such as the precision associated
with a result register or a precision associated with the starting
operands. The PBP value indicates a desired bit precision
associated with results generated by the IALU 12. As such,
the precision control circuit 14, in response to the PBP value,
may cause the IALU 12 to end operand processing before the
result obtains full precision. The sub-precision result pro-
duced by the IALU 12 thus has a bit precision corresponding
to the PBP value and not full precision. The PBP value may be
saved in a storage element included in the processor 10, e.g.,
a special or general purpose register 16 or data cache memory
18. In one embodiment, the PBP value is hard-wired, and thus
is not reprogrammable. In another embodiment, the PBP
value is a dynamically alterable value stored in the PBP
register 16 or the data cache 18, and is thus modifiable. The
PBP value may be provided to the processor 10 as part of an
instruction or series of instructions, e.g., as part of a very-long
instruction word.

Regardless of how the PBP value is generated, stored, or
modified, the precision control circuit 14 uses the PBP value
to control whether the controlled-precision IALU 12 is to
terminate iterative arithmetic operations early, i.e., before the
result achieves full precision. Unlike conventional tech-
niques, the precision control circuit 14 may cause the IALU
12 to terminate iterative arithmetic operations before a result
obtains full precision regardless of operand precision.
Instead, the precision control circuit 14 bases its early termi-
nation logic onthe PBP value, which is not directly associated
with the precision of an operand. As a result, the controlled-
precision IALU 12 is capable of generating sub-precision
results irrespective of operand precision, thereby reducing
power consumption and improving performance of the pro-
cessor 10 when the processor 10 is executing applications that
can tolerate sub-precision results, e.g., graphics applications.

The processor 10 further includes an instruction unit 20,
one or more load/store units 22, and an instruction cache 24.
The instruction unit 20 provides centralized control of
instruction flow to various execution units such as the load/
store unit 22 and the controlled-precision IALU 12. The
execution units may execute multiple instructions in parallel.
As such, the processor 10 may be superscalar and/or super-
pipelined. The instruction and data caches 18, 24 enable
system registers (not shown) and the execution units to rap-
idly access instructions and data. Further, data may be moved
between the data cache 18 and the system registers via one of
the execution units, e.g. the load/store unit 22.

FIG. 2 illustrates one embodiment of the controlled-preci-
sion IALU 12. In this embodiment, the IALU 12 includes an
arithmetic logic circuit 26. The arithmetic logic circuit 26 is
configured to perform iterative arithmetic operations such as
divide, square root and transcendental functions. The arith-
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4

metic logic circuit 26 receives operands from registers 28, 30
included in the processor 10. In one example, the operands are
IEEE 754 single-precision compliant, and thus, each register
28, 30 stores a sign bit, an 8-bit exponent and a 23-bit fraction.
In another example, the operands are IEEE 754 double-pre-
cision compliant, and thus, each register 28, 30 stores a sign
bit, an 11-bit exponent and a 52-bit fraction. In other
examples, the operands have a full precision different than the
IEEE 754 standards, such as operands sufficient for the
openGL standard or custom applications.

For ease of explanation only, detailed operation of the
controlled-precision IALU 12 is next described with refer-
ence to operands having a full precision that corresponds to
IEEE 754 single-precision (herein referred to generally as
single precision). However, those skilled in the art will readily
understand that the one or more embodiments of the con-
trolled-precision IALU 12 are fully capable of processing
operands having any bit precision, and thus, can end iterative
arithmetic operations short of full precision irrespective of
what precision defines full precision.

Returning to FIG. 2, the arithmetic logic circuit 26 itera-
tively processes single precision operands received from the
operand registers 28, 30, as shown in Step 100 of FIG. 3. The
precision control circuit 14, in response to the contents of the
PBP register 16 or one or more instructions, will either allow
the arithmetic logic circuit 26 to complete iterative processing
uninterrupted or will cause the arithmetic logic circuit 26 to
perform an “early-out termination” by ending iterative pro-
cessing before obtaining a full-precision result, as shown in
Step 102 of FIG. 3. As part of the information received from
the PBP register 16 or as provided by one or more instruc-
tions, the precision control circuit 14 receives an indicator
(RDP) that determines whether the arithmetic logic circuit 26
is to end processing early, i.e., produce a sub-precision result.
In one embodiment, the indicator is a flag bit set in the PBP
register 16. If the indicator is not set, then the precision
control circuit 14 allows the arithmetic logic circuit 26 to
iterate to full single precision, thereby producing a full-pre-
cision result, as shown by Step 104 of FIG. 3. However, ifthe
indicator is set, then the precision control circuit 14 activates
a control signal (CTRL), causing the arithmetic logic circuit
26 to stop iteration when enough bits are generated for a
desired sub-precision, including any rounding bits that are
needed, thereby producing a sub-precision result, as shown
by Step 106 of FIG. 3.

The PBP value indicates a bit precision of the result at
which the precision control circuit 14 causes the arithmetic
logic circuit 26 to end processing. For example, if the PBP
value indicates a bit precision of 16 bits, then the precision
control circuit 14 causes the arithmetic logic circuit 26 to stop
iterating when the intermediate result has enough bits to
produce a properly rounded result with a bit precision of 16
bits.

In one embodiment, an RDP bit without a PDP value is
utilized to produce a sub-precision result of a predetermined
size. In an alternative embodiment, the PDP value without an
RDP bit is utilized to also enable the reduced precision opera-
tion.

In one embodiment, the precision control circuit 14 com-
prises a state machine or a counter to track the number of
arithmetic iterations performed. As such, the precision con-
trol circuit 14 monitors arithmetic logic circuit processing.
When the arithmetic logic circuit 26 produces an intermediate
result having enough bits to produce a properly rounded result
with a bit precision matching the PBP value, the precision
control circuit 14 activates the control signal, thereby causing
the arithmetic logic circuit 26 to end processing. For example,
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the precision control circuit 14 counts the number of process-
ing cycles performed by the arithmetic logic circuit 26, caus-
ing the arithmetic logic circuit 26 to end processing when the
count indicates that the bit precision of the final result will
match that of the PBP value.

The controlled-precision IALU 12 stores the generated
result in a result register 32 included in the processor 10. The
result register 32 has a sufficient bit width for storing full
precision results. For single precision results, the register 32
contains 23 bit positions for storing a full-precision fraction
result (where x=23). The arithmetic logic circuit 26 may pad
sub-precision results when storing the result in the register 32,
thus ensuring that the contents of the register 32 have a pad-
ded bit width corresponding to full precision. In one embodi-
ment, the arithmetic logic circuit 26 pads a sub-precision
result by appending a sufficient quantity of logic zero bits to
the result such that the padded sub-precision result has a bit
width equivalent to full precision. The IALU 12 may store
sub-precision results in the result register 32, however, x-n
register bits will not be valid where n=the bit position one
significance greater than the PBP value. Alternatively, the
TALU 12 stores sub-precision results in another result register
(not shown) where the bit width of the other register corre-
sponds to the PBP value.

The arithmetic logic circuit 26 may truncate one or more
operand least significant bits (LSBs) so that the truncated
operands have a bit precision less than full operand precision
and greater than or equal to the precision associated with the
PBP value. The arithmetic logic circuit 26 truncates one or
more operand L.SBs in response to a truncate value (TRUNC)
received from the precision control circuit 14. The precision
control circuit 14 obtains the truncate value from either the
PBP register 16 or from one or more instructions. In one
example, the arithmetic logic circuit 26 truncates one or more
operand L.SBs by masking the operand LSB(s).

FIG. 4 illustrates another embodiment of the controlled-
precision TALU 12, where the IALU 12 further includes
rounding logic 34 for rounding results produced by the arith-
metic logic circuit 26. In this embodiment, the arithmetic
logic circuit 26 comprises a single precision divider 36 and a
quotient register 38 for temporarily holding quotient results.
Conventional rounding logic implements one or more round-
ing algorithms for deleting L.SB(s) of a result and adjusting
the retained bits. For example, conventional rounding logic
implements one or more or of the following rounding algo-
rithms: round to nearest even, round-to-zero, round-up, and/
or round-down. Guard, round and sticky bits may be used to
assist in the rounding process. However, conventional round-
ing circuits have difficulty rounding sub-precision results.
This is particularly so when the bit precision associated with
sub-precision results changes, e.g., in response to dynamic
alterations of the PBP value, thus causing the LSB, guard,
round and sticky bits of the result to move positions.

The rounding logic 34 included in the controlled-precision
TALU 12 accounts for the bit precision associated with sub-
precision results, including dynamically alterable bit preci-
sions, by identifying the LSB of a particular sub-precision
result. The rounding logic 34 accounts for the LSB of a
sub-precision result by aligning a rounding value with the
LSB, thus enabling proper rounding of the result. The round-
ing logic 34 includes a rounding circuit 40 and an adder 42.
The rounding circuit 40 processes the PBP value to determine
which bit position associated with a particular result is to be
conditionally incremented. For example, the rounding circuit
40, in response to the PBP value, identifies the LSB of the
result stored in the quotient register 38 that is to be condition-
ally incremented. In one embodiment, the rounding circuit 40
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6

comprises a shifter. The shifter moves or shifts a rounding
value so that the rounding value is aligned with the LSB(s) of
a particular sub-precision result, as illustrated by Step 200 of
FIG. 5. The rounding value may be aligned by shifting a logic
one value to a bit position corresponding to a LSB of the PBP
value. As such, the rounding value comprises a bit pattern
having all logic zeros except for the bit position correspond-
ing to the LSB of'the corresponding result. The shifted round-
ing value is then provided to the adder 42 as an operand. A
sub-precision result produced by the arithmetic logic circuit
26 functions as the other operand, e.g., a result stored in the
quotient register 38. The adder 42 conditionally adds the
shifted rounding value to the result generated by the arith-
metic logic circuit 26 to produce an accurately rounded result,
as illustrated by Step 202 of FIG. 5. Those skilled in the art
will appreciate that the result may be rounded based on the
LSB, guard, round and sticky bits in conjunction with the
rounding mode using one of various known conditional incre-
menting techniques, each of which is within the scope of the
embodiments disclosed herein.

In another embodiment, the rounding circuit 40 comprises
a decoder for aligning a rounding value with the LSB(s) of a
sub-precision result, thus enabling proper rounding of the
result. The decoder receives the PBP value and generates a
rounding value corresponding to the PBP value, as illustrated
by Step 300 of FIG. 6. In one embodiment, the rounding value
comprises a bit pattern having all logic zeros except for the bit
position corresponding to the LSB of the PBP value. The bit
position of the rounding value that corresponds to the LSB of
the PBP value comprises a logic one. The rounding value is
then provided to the adder 42 as an operand and a result
produced by the arithmetic logic circuit 26 functions as the
other operand. The adder 42 conditionally adds the rounding
value to the result generated by the arithmetic logic circuit 26
to produce an accurately rounded result, as illustrated by Step
302 of FIG. 6. Thus, by either properly shifting a rounding
value or decoding the PBP value to produce a rounding oper-
and and conditionally adding the rounding operand to a cor-
responding result, the controlled-precision IALU 12 is
capable of producing accurate sub-precision results.

With the above range of variations and applications in
mind, it should be understood that the present disclosure is
not limited by the foregoing description, nor is it limited by
the accompanying drawings. Instead, the present disclosure is
limited only by the following claims and their legal equiva-
lents.

What is claimed is:
1. A method of performing an iterative arithmetic operation
in a processor, comprising:
iteratively processing operands of a first bit precision to
obtain a result;
ending the iterative processing when the result achieves a
programmed second bit precision less than the first bit
precision: and
rounding the result;
wherein rounding the result comprises:
aligning a rounding value with a least significant bit
(LSB) of the result; and
conditionally adding the aligned rounding value to the
result;
wherein aligning the rounding value with the LSB of the
result comprises:
shifting the rounding value so that the rounding value
has a logic one located at a bit position corresponding
to the LSB of the result.
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2. The method of claim 1, further comprising padding the
result so that the padded result has a bit width corresponding
to the first bit precision.

3. The method of claim 2, wherein padding the result so
that the padded result has a bit width corresponding to the first
bit precision comprises appending one or more logic zero bits
to the result.

4. The method of claim 1, further comprising storing the
result in a register having a bit width less than the first bit
precision.

5. The method of claim 1, further comprising

receiving operands of a third bit precision having a bit
width greater than the first precision; and

truncating one or more least significant bits (LSBs) of the
operands of the third bit precision before beginning the
iterative processing so that the truncated operands are
the operands of the first bit precision and have a bit
precision greater than the programmed second bit pre-
cision.

6. The method of claim 5, wherein truncating one or more
of the operand L.SBs comprises masking one or more of the
operand L.SBs.

7. The method of claim 1, wherein aligning the rounding
value with the LSB of the result comprises decoding the
second programmed bit precision to produce a rounding oper-
and.

8. The method of claim 1, further comprising modifying
the programmed second bit precision responsive to a change
in contents of a register included in the processor.

9. The method of claim 1, further comprising modifying
the programmed second bit precision responsive to one or
more instructions received by the processor.

10. An iterative arithmetic logic unit for use in a processor,
comprising:

an arithmetic logic circuit configured to iteratively process
operands of a first bit precision to obtain a result;

a precision control circuit configured to end the iterative
processing when the result achieves a programmed sec-
ond bit precision less than the first bit precision: and

rounding logic configured to round the result;

wherein the rounding logic is configured to round the result
by aligning a rounding value with a least significant bit
(LSB) of the result and conditionally adding the aligned
rounding value to the result; and

wherein the rounding logic is configured to align the
rounding value with the LSB of the result by shifting the
rounding value so that the rounding value has a logic one
located at a bit position corresponding to the LSB of the
result.

11. The iterative arithmetic logic unit of claim 10, wherein
the arithmetic logic circuit is further configured to pad the
result so that the padded result has a bit width corresponding
to the first bit precision.

12. The iterative arithmetic logic unit of claim 11, wherein
the arithmetic logic circuit is configured to pad the result so
that the padded result has a bit width corresponding to the first
bit precision by appending one or more logic zero bits to the
result.

13. The iterative arithmetic logic unit of claim 10, wherein
the arithmetic logic circuit is further configured to receive
operands of a third bit precision having a bit width greater
than the first precision; and

truncate one or more least significant bits (LSBs) of the
operands of the third bit precision so that the truncated
operands are the operands of the first bit precision and
have a bit precision greater than the programmed second
bit precision.
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14. The iterative arithmetic logic unit of claim 13, wherein
the arithmetic logic circuit is configured to truncate one or
more of the operand L.SBs by masking one or more of the
operand L.SBs.

15. The iterative arithmetic logic unit of claim 10, wherein
the rounding logic is configured to align the rounding value
with the LSB of the result by decoding the second pro-
grammed bit precision to produce a rounding operand.

16. The iterative arithmetic logic unit of claim 10, wherein
the precision control circuit is configured to end the iterative
processing responsive to an indicator received by the preci-
sion control circuit.

17. A processor comprising an iterative arithmetic logic
unit configured to iteratively processes operands of a first bit
precision to obtain a result and end the iterative processing
when the result achieves a programmed second bit precision
less than the first bit precision;

wherein the iterative arithmetic logic unit is further con-

figured to:

round the result by aligning a rounding value with a least
significant bit (LSB) of the result and conditionally
adding the aligned rounding value to the result; and

align the rounding value with the L.SB of the result by
shifting the rounding value so that the rounding value
has a logic one located at a bit position corresponding
to the LSB of the result.

18. The processor of claim 17, wherein the iterative arith-
metic logic unit is further configured to pad the result so that
the padded result has a bit width corresponding to the first bit
precision.

19.The processor of claim 17, further comprising a register
for storing the result, the register having a bit width less than
the first bit precision.

20. The processor of claim 17, wherein the iterative arith-
metic logic unit is configured to align the rounding value with
the LSB of'the result by decoding the second programmed bit
precision to produce a rounding operand.

21. The processor of claim 17, further comprising a storage
element configured to store the programmed second bit pre-
cision as a fixed value or as a dynamically alterable value.

22. The processor of claim 21, wherein the stored dynami-
cally alterable value is modified responsive to one or more
instructions received by the processor.

23. The processor of claim 17, wherein the arithmetic logic
unit ends the iterative processing responsive to an indicator
received by the processor.

24. The processor of claim 23, wherein the indicator com-
prises a flag bit stored in a register included in the processor.

25. The method of claim 1, wherein ending the iterative
processing when the result achieves a programmed second bit
precision less than the first bit precision comprises:

selecting a value of the programmed second bit precision

without regard to the value of the first bit precision.

26. The method of claim 1 further comprising:

counting the number of processing cycles performed by the

iterative process; and

determining a cycle count corresponding to the pro-

grammed second bit precision.

27. An iterative arithmetic logic unit for use in a processor,
comprising:

means for iteratively processing operands of a first bit

precision to obtain a result;

means for ending the iterative processing when the result

achieves a programmed second bit precision less than
the first bit precision: and

means for rounding the result;
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wherein the means for rounding is configured to round the
result by aligning a rounding value with a least signifi-
cant bit (LSB) of the result and conditionally adding the
aligned rounding value to the result; and

wherein the means for rounding is configured to align the
rounding value with the LSB of the result by shifting the
rounding value so that the rounding value has a logic one
located at a bit position corresponding to the LSB of the
result.
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